High density ceramics of the system Bi 1-x La x FeO 3 , 0 ≤ x ≤ 0.15, have been prepared starting from nanoparticles obtained by mechanosynthesis. The ceramics have been sintered conventionally at 850ºC and by spark plasma sintering (SPS). Sintering conditions have been optimized to obtain single phase ceramics, and the microstructure of the ceramics has been compared. Ceramics prepared conventionally present grain sizes from 5 μm to less than 1 μm, whereas grain sizes by SPS are in the range from 50-100 nm, which demonstrates that it is possible to obtain nanostructured ceramics of La-substituted BiFeO 3 using mechanosynthesis followed by SPS at low temperature (625ºC-650ºC). The as-prepared SPS ceramics show low resistivity, indicating some reduction in the samples. However, after an oxidative anneal in air, ceramics are highly insulating at room temperature and electrically homogeneous. The high quality of the ceramics has also been demonstrated by XRD, EDX, Raman and DSC.
Introduction
The preparation of phase-pure dense BiFeO 3 ceramics presents many difficulties. The main ones are the presence of impurities in the final product, mainly Bi 25 FeO 39 and Bi 2 Fe 4 O 9 , and the difficulty to obtain dense ceramics with high resistivity. Thus, it is difficult to obtain samples with densities above 90% of the theoretical density, which is important when studying electrical properties because, in general, a high porosity decreases the permittivity. Powders obtained by conventional solid state reaction do not give ceramic materials with high densities.
1 Recently, the major processing issues, paying special attention to the thermodynamic and kinetic origin of secondary phases, have been reviewed. 2 Thus, the presence of secondary phases could be due to There is little data in the literature about the density of samples prepared in the system Bi 1-
x La x FeO 3 . [16] [17] [18] A modified thermal process was used to prepare La 0.1 Bi 0.9 FeO 3 ceramics with high resistivity, obtaining samples with densities of about 90%. 19 The quality of the powders and the density of the green pellets are critical for obtaining dense pellets with good electrical properties of samples with 0 ≤ x ≤ 0.2 prepared using a modified Pechini approach. 20 Spark plasma sintering (SPS) has become an important technique to obtain high density ceramics, 21, 22 and some authors have used this technique for sintering BiFeO 3 ceramics, starting from powders prepared by simultaneous precipitation routes, Pechini's method, sol-gel method or conventional solid state reaction. [23] [24] [25] [26] Different experimental conditions have been used in terms of sintering temperature and applied pressure to obtain high density ceramics. However the values of density are sometimes not reported or the ceramics obtained are not phase pure.
SPS has been also applied to sinter BiFeO 3 samples prepared by mechanosynthesis. 27, 28 Regarding the use of SPS for sintering La-substituted BiFeO 3 The mill was modified by incorporating a rotary valve that allows connection of the jar (sealed with a Viton o-ring and equipped with a male taper straight adaptor) and the gas cylinder during milling. Thus, the pressure inside the jar was maintained constant during the entire treatment even if gas was consumed by the reaction. In all experiments, the jars were purged several times with oxygen and the desired pressure selected and maintained during milling. The spinning rates of both the supporting disc and the superimposed rotation in the opposite direction of the jar was set at 700 rpm and the powder-to-ball mass ratio was set at 1:20 in all cases. A hardened steel jar (80 cm 3 volume) and balls (9 balls, 15 mm diameter) were used in all experiments.
Two methods were used to sinter pellets of the mechanosynthesised samples: conventional sintering and spark plasma sintering (SPS). Conventional sintering was carried out by heating green pellets at atmospheric pressure in air. Thus, 400 mg of the nanometric powders prepared by mechanosynthesis for each composition were placed in a hardened steel die, 6.35 mm diameter, and different uniaxial pressures applied to study the influence of green pellet density on the final densities obtained after heating. Sintering was followed by dilatometric analyses, placing the green pellets in a Linseis TMA model PT1000 in 100 cm 3 min -1 airflow using 10 ºC applied uniaxial pressure, final temperature and isothermal time. Temperature was measured using a thermocouple placed in a bore hole in the middle part of the graphite die. The sintered ceramics, ~10 mm in diameter and ~2 mm thick, were polished to eliminate carbon from the surface.
Characterization
X-ray diffraction patterns were collected with a Panalytical X'Pert Pro diffractometer working at 45 kV and 40 mA, using CuKα radiation and equipped with a X'Celerator detector and a graphite diffracted beam monochromator.
The microstructure of the pellets was studied by scanning electron microscopy (SEM). SEM micrographs were obtained in a Hitachi S-4800 microscope equipped with energy dispersive Xray spectrometer (EDAX) attachment. Pellets were thermally etched for 30 minutes at 90% of the sintering temperature to reveal the grain boundaries. EDX spectra were recorded for a semiquantitative study of the stoichiometry of pellets after sintering.
Raman spectra were collected with a dispersive Horiva Jobin Yvon LabRam HR800 microscope with a 20 mW green laser (532.14 nm) and a 100× objective with a confocal pinhole of 10 μm.
Multiferroic properties of samples obtained by SPS were analyzed by differential scanning calorimetry (DSC). Small pieces of pellets were placed in alumina pans and heated from 250ºC to 860ºC at 10 ºC min -1 in 100 cm 3 min -1 airflow. The temperatures of the transitions were taken as the onset of the peaks.
For electrical property measurements, pellets were Au sputtered-coated using an Emitech K575X Sputter Coater. Impedance measurements used a combination of Agilent 4294A and E4980A impedance analysers over the frequency range 5 Hz to 10 MHz, with an ac measuring voltage of 0.1 V and over the temperature range from room temperature to 400 ºC. Impedance data were corrected for pellet geometry and for blank capacitance of the jig. Conductivity and capacitance data are reported in units of Scm -1 and Fcm -1 , respectively, that refer to correction for only the overall sample geometry.
Results and discussion

Conventional sintering
The influence of density of the green pellets on the final density of the sintered ones was studied by preparing pellets of BiFeO 3 in a hardened steel die and applying different uniaxial pressures. Table 1 shows the density of the pellets sintered in the TMA at 850ºC for 1 minute as a function of the pressure used to make the pellets. It was not possible to prepare green pellets at pressures above 930 MPa due to delamination. As has been observed by Jiang et al in samples prepared by a modified Pechini approach, 20 from Table 1 a clear influence of the densities of the green pellets on the densities of the pellets after thermal treatment is observed. Thus, it is possible to obtain densities of 92% when the green pellet has a density of 72.5%. Taking into account these results, all green pellets for each composition were prepared applying uniaxial pressure of 930
MPa. Table 1 . Relation between applied pressure, density of green pellets and density of pellets sintered at 850ºC for BiFeO 3 .
Densities were also compared with the density of a sample prepared by conventional solid state reaction. Thus, commercial Bi 2 O 3 and Fe 2 O 3 powders were mixed using ethanol in an agate mortar and heated to 800ºC for 30 minutes to obtain BiFeO 3 powders. Then, the powders were hand-milled in the mortar, compacted in a 6.35 mm die at a uniaxial pressure of 930 MPa and the resulting green pellet heated at 850ºC for 1 minute. A final density of 82.5% was obtained which is significantly less than that obtained using mechanosynthesized BiFeO 3 powders. Fig. 1 presents the dilatometric curve for BiFeO 3 green pellet together with the X-ray diffraction pattern of the sintered sample. An initial thermal expansion is observed in the dilatometric curve (Fig. 1a) until approximately 395ºC, when the pellet begins to contract in several overlapping stages. The last stage takes place from 725ºC, with a sharp contraction until 850ºC. The X-ray diffraction pattern (Fig. 1b) shows that the sintered pellet consists of single-phase BiFeO 3 . The density of sintered pellets depends on the density of the green pellets and La content when sintered conventionally. Thus, as La content increases the relative density of pellets sintered at the same temperature decreases (Table 2 ). This may be because to prepare high density pellets of LaFeO 3 , it is necessary to heat samples at much higher temperatures. 31 Pellet quality was also tested by Raman spectroscopy for each composition, Fig. 4 
Spark plasma sintering, SPS
The evolution of a typical SPS experiment is summarized in Fig. 5a where temperature, T/ºC, current, I/A, shrinkage, z/mm, and pressure inside the chamber, p/Pa, are shown against time.
The temperature followed adequately the heating ramp; a maximum current of 477.25 A was reached; the pressure was approximately constant in the entire experiment; the shrinkage increased from the beginning of the experiment and took place in two stages during heating, stabilized during the isothermal treatment and increased again on cooling, probably due to thermal expansion of the graphite die and the chamber. Fig. 5b shows, as an example, two pellets sintered by SPS and polished to eliminate carbon from the surface. Table 3 and compared with the final densities. Both pressure and temperature play an important role. The densities were similar when the samples were heated at high (700ºC-750ºC) and low temperatures (625ºC), but were lower at an intermediate temperature (675ºC). Table 3 . Experimental conditions used for sintering BiFeO 3 powders by SPS and resulting densities. were heated in vacuum and confined in a graphite die while a high density current was applied.
Consequently, it is necessary to decrease the sintering temperature to avoid BiFeO 3 reduction.
At 625ºC, the samples are single-phase BiFeO 3 and the density is as high as for the pellets heated at higher temperatures. (Table S1 and Fig. S4 ). For Bi 0.93 La 0.07 FeO 3 , at lower temperatures and higher pressures the quality and density of the pellets are also improved, in such a way that on sintering at 650ºC and 75 MPa, the density obtained is almost the theoretical density (99.1% Table S3 and Fig. S6 in Supplementary Data).
after polishing and thermal etching (Fig. 7) . All pellets showed nanosized grains of 50-100 nm, demonstrating that it is possible to obtain nanostructured ceramics of La-substituted BiFeO 3 using mechanosynthesis followed by SPS. EDX spectra of the samples shown in Fig. 7 and presented in Fig. 8 reveal that stoichiometry is maintained in all the compositions. Multiferroic character and homogeneity of SPS pellets was studied by DSC. Fig. 10 shows the DSC traces obtained on heating, where weak second-order antiferromagnetic-paramagnetic transitions and stronger first-order ferroelectric-paraelectric transitions are observed. DSC traces for BiFeO 3 sintered by SPS have been already reported. 26, 28 As La content increases, Néel temperature increases and Curie temperature decreases. 23, 25 Impedance data of the SPS pellet for x=0.02 are shown in Fig. 11 . The impedance complex plane plot presents a high frequency, semicircular arc followed by an additional small low frequency arc (Fig. 11a) . This arc appears in the C' data ( Fig. 11b) as a dispersion to a higher capacitance value of ~ 2 nFcm -1 at low frequencies and can be attributed to grain boundaries or surface layers in the ceramic which are reduced to a different extent than the bulk. Similar behavior was observed for the other La-substituted compositions.
A post-sinter oxidative anneal was performed by heating the pellets at 600ºC in air, to fully reoxidise both grain and grain boundary regions. Results for x = 0.02 are presented in Fig. 12 .
The impedance complex plane plot (Fig. 12a) shows a single, almost ideal arc whose low frequency intercept gives a total resistance of the sample about six times higher than that of the non-annealed sample (Fig. 11a) . M'' and Z'' spectra show a single peak at almost coincident frequencies (Fig. 12b) , which indicates the electrical homogeneity of the sample. Capacitance data (Fig. 12c) show a high frequency plateau at about 15 pFcm -1 which corresponds to a permittivity of ~150 and represents the bulk response of the sample. At lower frequencies, a small increase in C' is observed, indicating a possible power law response. Conductivity data (Fig. 12d) show a low frequency plateau that corresponds to the sample bulk conductivity and a dispersion at higher frequencies, again indicating a possible power law response. 37, 38 These data may be represented, to a first approximation, by a parallel R-C-CPE element, in which CPE is a Constant Phase Element responsible for the dispersion seen in C' at low frequencies and Y' at high frequencies. After post-sinter annealing, all samples are highly insulating at room temperature and showed modest levels of semiconductivity above ~250ºC; resistance values are shown in conventional Arrhenius format in Fig. 14 for the three samples studied, together with BiFeO 3 for comparison. 28 The bulk resistivity at room temperature extrapolated from the high temperature data is ~ 10 15 -2 × 10 14 Ωcm. Conductivity increases with x and the activation energies are comparable indicating an increase in number of charge carriers with x, as observed previously for samples of the system Bi 1-x La x FeO 3 (0  x  0.15) sintered conventionally. 30 The low conductivity of these samples implies that the SPS process followed by reoxidation does not produce mixed valence of Fe or oxygen non-stoichiometry. Thus, the objective of producing low conductivity materials has been achieved. 
The origin of the holes is not known. Conductivity measurements as function of pO 2 at several temperatures are underway to determine the charge compensation mechanism. 
Conclusions
It is possible to prepare high density, phase-pure pellets of Bi 1-x La x FeO 3 , 0 ≤ x ≤ 0.15, using nanosized powders obtained by mechanosynthesis, by either conventional sintering at 850ºC or spark plasma sintering, avoiding the formation of secondary phases. Pellets have been characterized and their high quality demonstrated by XRD, EDX, Raman and DSC. For conventionally-sintered pellets, there is a clear influence of the La content on the density of the pellets; the experimental conditions were carefully optimized to obtain high density nanostructured pellets by SPS at low temperature (625ºC-650ºC). Pellets prepared conventionally present grain sizes from 5 μm to less than 1 μm depending on the La content and the density of the green pellets, whereas grain sizes of pellets obtained by SPS are in the range from 50-100 nm. DSC depicts the antiferromagnetic-paramagnetic and ferroelectric-paraelectric transitions. Impedance spectroscopy measurements show that the samples sintered by SPS and annealed at 600ºC are electrically homogeneous, with low conductivity that increases with x, and p-type conduction mechanism. 
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